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APPARATUS FOR EQUALISING A SPECTRUM OF A BROADBAND LIGHT 
SOURCE 



5 FIELD OF THE INVENTION 



This invention relates to an apparatus for equalising a spectrum of a 
broadband light source. More particularly, but not exclusively, the invention 
relates to an apparatus for dynamically equalising the spectrum of an 
10 Amplified Spontaneous Emission (ASE) source such as an Erbium-doped 
fibre. 



BACKGROUND TO THE INVENTION 



15 Broadband light sources in the 1520 nm to 1560 nm spectral range find 
application in fibre Bragg grating sensors and optical communication systems, 
vi^here optical amplifiers are regularly employed to compensate for optical 
power loss. 



20 Super-luminescent ASE sources having amplified spontaneous emission from 
erbium-doped fibre that is pumped at either 1480 nm or 980 nm, makes them 
favored candidates for these applications. The output power of these sources, 
however, varies considerably for different wavelengths and a marked peak is 
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apparent near 1530 nm on a power spectrum of the light source. The 
amplitude of this peak is also dependent on the power level of the pump laser. 

The gain spectrum of an optical amplifier is seldom uniform and a gain 
5 equalizer is required to equalize the gain. Apparatus designed to flatten the 
gain of an Erbium Doped Fibre Amplifier (EDFA) over a wide spectral range 
for large capacity Wavelength-Division-Multiplexed (WDM) optical 
communication systems, are well known in the art. 

10 One such gain flattening apparatus incorporates an optical filter within the 
length of an EDFA\ The optical filter is a notch filter based on the resonant 
coupling between core propagating mode and cladding leaky mode. By way 
of example, when tuned to suppress the gain spectrum at the peak 
wavelength, a bnaadband amplifier with a 3dB bandwidth of 33nm, a gain of 27 

15 dB and uniform saturation characteristics is obtained. 

As the pump current of an ASE source is varied to set the output power to a 
required value, the spectral shape of the ASE source changes. Some known 
prior art equalisers provide for the attenuation of the filter to be increased or 
20 decreased in accordance with the pump current, or other criteria. 

For example, one such known apparatus comprises a three Guassian shaped 
passive filters which produce a substantially flat gain over a 30nm-wavelength 
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ranged. ,n this apparatus, an active filter which can produce six different sine- 
functon type notch profiles with variable centre wavelengths and rejection 
ratios was used as a mid-stage gain flattening device in a dual stage EDFA. 
The gain-flattening filter consists of two all-fibre acoustooptic tuneable filters 
5 (AOTF) in series. Each AOTF was driven by three radio frequency signals 
and different frequencies and amplitudes to produce acoustooptic mode 
conversion from the fundamental mode to different cladding modes. By 
adjusting the filters' spectral profiles electronically, a gain flatness of <0.7 dB 
over 35-nm wavelength range at various levels of gain as well as input signal 
10 and pump power, was achieved using the apparatus. 



Another known gain-flattening apparatus uses multiple photosensitive side-tap 
Bragg gratings to equalise the gain spectrum of EDFA's to within +/- 0.3 dB 
over 33nm with a 0.3 dB loss penalty^. Different shaped filters may be made 
15 by choosing a suitable peak loss wavelength for each grating. 

Yet another known apparatus comprises an interleaver using a wavelength 
dependent birefringence crystal, which has a variable optical path length^ A 
light from an input port is separated in a polarisation beam splitter. One of 
20 them is rotated by 90 degrees by a half wave plate and they become same 
direction of polarisation. A polarisation rotator rotates the direction of 
polarisation of the light to vary an incident polarisation angle from a crystal 
axis of an optical path length variable birefringence crystal in order to vary 
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transmittance at a particular wavelength. The optical path length of the crystal 
can be varied by adjusting the thickness of the crystal. 

Other known dynamic equalisers comprise two-stage amplifiers having two 
5 doped-fibre compositions so that each stage has a different gain spectrum^ 
Gain equalisation is achieved by separately pumping the two amplifier stages 
to control the overall gain spectrum in order to equalise the output levels of the 
amplified channels. When used under automatic control, the amplifier gain 
could be equalised dynamically to compensate random variations in the 
1 0 relative optical power of wavelength-multiplexed signals. 

In another prior art apparatus gain equalisation and constant power output are 
achieved by changing the laser diode pump power and attenuation of a 
voltage controlled attenuator dynamically®. 

15 

Disadvantages of known dynamic gain equalisers are that they are complex to 
configure and implement; and they are costly to manufacture. 

OBJECT OF THE INVENTION 

10 

It is an object of this invention to provide an apparatus for equalising a 
spectrum of a broadband light source that at least partially alleviates the 
difficulties associated with prior art equalisers and provides a useful alternative 
to known equalising apparatus. More particularly, an object of the present 
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inventon is to pravide a alternative to known pnor art for equalising a 
gain spectrum of an EDFA. 



SUMMARY OF THE INVENTION 



According to the invention there is provided an apparatus suitable for 
equalising a spectrum of a broadband light source comprising a first optical 
path and a second optical path; an optical splitter being connectable to an 
optical power source, for directing at least part of the optical power from the 
10 optical power source to each of the first and second optical paths; an optical 
filter provided in the first optical path for filtering the optical signal propagating 
there through; and an optical combiner for combining at least part of the' 
optical signals from each of the first and second paths into an output channel. 



15 



In a preferred form of the invention the optical splitter is tuneable to direct at 
least part of the optical power from the optical power source to each of the first 
and second paths, in varying proportions. 



In another embodiment of the invention, an adjustable gain amplifier is 
20 provided in the second optical path to amplify/attenuate to a varying degree, 
the optical signal propagating there through. 



In this embodiment, the adjustable gain amplifier may have a gain of greater 
than 1 or less than 1. where a gain less than 1 attenuates the optical signal 
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propagating through the second path and a gain of greater than 1 amplifies the 
optical signal propagating through the second path. 

The optical combiner may be a 3dB coupler for directing half the optical power 
5 from the first path and half the optical power from the second path into the 
output channel. It is envisaged that an equalised power spectrum of the 
optical power source will be measurable at the output channel. 

The filter may be a Long Period Grating (LPG). Preferably, the filter has an 
10 attenuation band con-esponding to a range of wavelengths at which the peak 
or peaks in the spectrum of the optical power source occur, such that the filter 
acts as a notch filter or a band stop filter. 

In one embodiment of the invention the first and second paths are two arms of 
15 a Mach-Zehnder interferometer (MZI). 

It is envisaged that the apparatus will be sufficiently tuneable to enable an 
input signal to be attenuated or amplified by at least 10dB (measured at the 
output channel). 

20 

The optical power source may be an Erbium Doped Fibre Amplifier. 
BRIEF DESCRIPTION OF THE DRAWINGS 



wo 2004/114010 



PCT/IB2004/050947 



An apparatus for spectral equalisation of amplified spontaneous emission 
sources according to the invention is described below by way of a non-limiting 
example only and with reference to the accompanying figures, in which: 

5 Figure 1 shows a schematic diagram of an apparatus according to 

the invention, including a tuneable optical splitten 
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Figure 2 shows a schematic diagram of the apparatus of Figure 1 . 

in use in an experimental set-up of an optical amplifier; 



Figure 3 shows a plot of the theoretical transfer function of the 

apparatus of Figure 1 for a range of coupling ratios K, of 
the tuneable optical splitter; 



15 Figure 4 shows a plot of experimentally determined relative 

attenuation spectra for various values of coupling ratio 
using a tuneable optical splitter; 



Figure 5 shows a plot in dotted line of an amplified spontaneous 

20 • • 

enrssion spectrum (without equalisation of the spectrum) 
as well as a plot in solid line of an equalised amplified 
spontaneous emission spectrum of an Erbium Doped 
Fibre source, having a 150mA pump current; 
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Figure 6 shows a plot in dotted line of an amplified spontaneous 



» * 



emission spectrum (without equalisation of the spectrum) 
as well as a plot in solid line of an equalised amplified 
spontaneous emission spectrum of an Erbium Doped 
Fibre source, having a 180mA pump cun-ent; and 



Figure 7 shows a plot in solid line of the non-equalised gain of the 

EDFA, and in dotted line of the equalised gain, of the 
apparatus shown in Figure 2. 



DESCRIPTION OF PREFERRED EMBODIMENT 



A schematic representation of a preferred embodiment of the apparatus 
according to the invention is shown In Figure 1 . 



The apparatus 10 consists of a first optical path 12 and a second optical path 
14; an optical splitter in the form of a tuneable optical coupler 16; a filter 

■ 

provided in the form of a non-tuneable Long Period Grating (LPG) 20; and an 
optical combiner in the form of 3dB fixed optical coupler 22 for directing half of 
20 the optical signals from each of the first and second paths 12. 14 into an 
output channel 24. 
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The tuneable optical coupler 16 is connectable to an Amplified Spontaneous 
Emission (ASE) source 18. for directing optical power from the ASE source 18 
to each of the first and second optical paths 12. 14 in a variable proportion. 



The LPG 20 is provided in the first optical path 12 for filtering the optical signal 
propagating there through. An equalised pov^er spectrum of the ASE source 

18 is measurable at the output channel 24 with an optical spectrum analyser 
26. 



1 0 The LPG has an attenuation band corresponding to a range of wavelengths at 
which the peak in the spectrum of the optical power source occurs, such that 
the LPG acts as a notch filter or a band stop filter. Figures 3 and 4 show that 
the LPG 20 has an attenuation band at a set of wavelengths in the range 
1500nm - I600nm. In this particular embodiment, the LPG 20 has only a 

15 single attenuation peak at 1531nm. This corresponds to the peak In the 

spectrum of the ASE source, apparent from the spectrums shown in Figures 5 
and 6. 



The required maximum attenuation and the bandwidth of the LPG 20 are 
20 achieved by a proper choice of the length, period and refractive index 
excursion during the design and manufacturing stage of the LPG 20. 



It is further apparent that the invention comprises a Mach-Zehnder 
interferometer having the LPG 20 provided in one am, thereof, the two arms of 
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the Mach-Zehnder interferometer corresponding with the first and second 
paths 12, 14. The tuneabllity of the apparatus arises by incorporating the LPG 
20 in a IVIach-Zehnder configuration that includes the tuneable optical coupler 
16. 



By increasing the coupling ratio Ki of the tuneable coupler 16. the ratio of the 
optical power directed from the input signal to each of the first and second 
paths 12, 14 changes. If the coupling ratio K^ of the tuneable coupler 16 is 
adjusted between 0% and 100%, an optical signal of an increasing power will 
10 propagate through the first path and hence also the LPG 20, causing an 
increasingly larger attenuation of the peak in the power spectmm of the source 
18 measurable at the output channel 24. 



The fixed coupler 22 combines the signals propagating through the first and 
15 second paths 12, 14. If the coherence length of the ASE source 18 is short, 
interference effects are negligible. It can be assumed that both the tuneable 
and fixed couplers 16, 22 are lossless. Under these assumptions, the power 
transfer function of the apparatus between ports Pi and P2 is: 



where K, is the power coupling ratio of the tuneable coupler 1 6. It is assumed 
that the tuneable coupler 16 is tuneable between 0% and 100% meaning that 
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the tuneable coupler can be tuned to direct 0% of the input signal to the first 
path and 100% of the input signal to the second path or 100% of the input 
signal to the first path and 0% of the input signal to the second path. is the 
power-coupling ratio of the fixed coupler 22. In this embodiment this is 0.5 (as 
5 the fixed coupler 22 is a 3 dB coupler). r«,{0) Is the transmission spectrum of 

the LPG 20 for core-to-core propagation and is given by the following 
expression^"^ 



10 



r 

TcoiQ cos^iSL) — sin-(^L), (2) 

»9 



where L is the length and / is the period of the LPG 20. a is the coupling 
coefficient, p z/ is the normalized frequency which indicates the 

' ¥ C ai 



deviation from synchronism, and 9 /2 



1 5 Fig. 3 illustrates the calculated relative attenuation as a function of wavelength 
for various values of the coupling ratio K, of the tuneable optical coupler 16. 
Because a 3dB coupler 22 is used at the output channel 24. the apparatus 10 
has an insertion loss of 3 dB. 



20 In this embodiment, a change in attenuation of approximately 14 dB 



in a 



wavelength band centered at 1531 nm is achieved. This makes the apparatus 
10 ideally suitable for equalization of the output power spectrum of erbium- 
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doped fibre super-luminescent sources, in an experimental demonstration of 
this application, the power spectral density variation of the source improved 

from p 4.8 dB to p 1.58 dB in the wavelength range from 1524 nm to 1563 
nm. 



Fig. 4 shows the measured relative transmittance of the apparatus over the 
wavelength range 1480 nm to 1580 nm as obtained with a broadband optical 
source (super-luminescent light-emitting diode) and an optical spectrum 
analyzer 26 in an experimental set-up similar to Fig. 1. The ASE source 18 
0 comprised of 16 m erbium-doped fiber and a 980 nm pump laser with 
maximum output power of 80 mW. 



Fig. 5 depicts the recorded spectra for a pump cun-ent of 150 mA and Figure 6 
depicts the recorded spectra for a pump current of 180 mA. The coupling ratio 
Ki of the tuneable optical coupler 16 is adjusted either to bypass the LPG 20 
completely (dotted lines), or to effect the optimum attenuation value for each of 
the pump currents respectively. This illustrates the effectiveness of the 
apparatus to suppress the peak In the power spectral density of the ASE 
source 18 around 1530nm. 

The experimentally determined characteristics of the apparatus con-espond 
very well with the calculated values as can be seen by comparing Figure 3 
with Figure 4. During experimentation, the apparatus was capable of being 
tuned between approximately 0 dB and 14 dB at 1530 nm. It is possible to 
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expand this range by employing an LPG 20 with larger coupling from the core 
mode to the cladding mode of interest. 



Figure 2 shows the apparatus used in an experimental set-up intended to 
5 demonstrate its use in an optical communications network. In this set-up. the 
ASE source 18 is used as an Erbium Doped Fibre Amplifier .(EDFA) for 
amplifying communication signals transmitted across an optical network. The 
EDFA is comprised of a 16m long erbium doped fibre 38. a first Wavelength- 
Division-Multiplexed (WDM) coupler 36; a second WDM coupler 40 and an 
10 optical isolator 42 for blocking reflected light from the apparatus 10. The 
EDFA is co-directionally pumped at 980nm using a 980nm laser diode 30. 



An optical communication signal is created using a tuneable laser source 32 
and a variable attenuator 34 and the communication signal is directed Into the 
15 first WDM coupler 36. The second WDM coupler 40 is used to dump the 
residual pump power while allowing the 1550nm signal to propagate through 
the second WDM coupler 40. 



An equalised gain spectrum of the EDFA was achieved by adjusting the first 
20 tuneable coupler 16 appropriately. The EDFA was pumped at a current of 
150mA and- the signal input power of-30dBm wavelength tuneable range was 
used as the input power to the EDFA. The measured gain of the EDFA is 
shown in Figure 7. It can be seen from Figure 7- that the apparatus 10 
improves the gain flatness of the EDFA. 
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It is envisaged that when using the apparatus 10 as a spectral equalizer for 
an ASE source, the ripple in the source spectmm could be reduced from p 4.8 
dB and p 1.58 dB at a pump laser current of 150nA and from p6.1 dB to 

p1.9dB at a pump laser current of 180 mA. Similar performance was 
achieved at other pump currents by adjusting the tuneable coupler 16 
appropriately. These values may be improved by using a cascade of normal 
and phase-shifted LPGs as suggested by Zhu et a\.^° 



10 Although a manual system Is described, it is envisaged that an electronically 
controlled tuneable coupler 16 incorporated in a closed-loop controller would 
be ideal for dynamically adjusting the attenuation of the apparatus 10. 



The invention is not limited to the precise details as described above. For 
15 example, the concept may be implemented in integrated optics as opposed to 
fibre optics; heating element may be used to tune the tuneable coupler; and 
the optical splitter may be a fixed coupler and an adjustable gain amplifier may 
be provided in the second path to amplify (with gain greater than or less than 



1) to a variable degree, the signal propagating there through. 



Tuneability of the apparatus assures that spectral ripple can be controlled over 
a wide range of pump power. It is envisaged that as the pump current is 
varied to set the output power to the required value, the attenuation of the 
apparatus 10 measured at the output channel can be adjusted. For an ASE 
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source 18 with a 15 dB range in output power, it was found experimentally that 
the peak in the spectrum at 1530 nm varies by more than 10 dB. It is 
envisaged therefore that the apparatus would be tuneable to adjust the 
attenuation of the LPG 20 by at least 10 dB. 
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